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The Planck collaboration has provided us rich information about the early uni-
verse, and a host of new observational missions will soon shed further light on the
‘anomalies’ that appear to exist on the largest angular scales. From a quantum grav-
ity perspective, it is natural to inquire if one can trace back the origin of such puzzling
features to Planck scale physics. Loop quantum cosmology provides a promising av-
enue to explore this issue because of its natural resolution of the big bang singularity.
Thanks to advances over the last decade, the theory has matured sufficiently to al-
low concrete calculations of the phenomenological consequences of its pre-inflationary
dynamics. In this article we summarize the current status of the ensuing two-way
dialog between quantum gravity and observations.
I. INTRODUCTION
It is a striking fact that, using known physics, one can account for the observed large
scale structure of the universe starting from the tiny homogeneities in the cosmic microwave
background (CMB) as seeds. The presence of these very specific seeds, in turn, can be suc-
cessfully accounted for in the inflationary scenario, which refers to a much earlier epoch when
matter density and curvature of the universe were over 100 orders of magnitude higher than
they were in the CMB era. This leap is impressive. Furthermore, the underlying paradigm
is conceptually attractive because it reduces the issue of genesis to vacuum fluctuations at
the onset of inflation.
Although the curvature scale of inflation is so high compared to that of the CMB epoch,
it is still significantly lower than the Planck scale. Therefore, it is safe to assume that
space-time geometry is well-described by general relativity (GR) during and after inflation.
This is a happy circumstance, allowing one to ignore what happened before. But from a
deeper perspective, this is only a stopgap measure. For, if one goes further back in time, we
encounter the Planck regime where quantum field theory (QFT) in curved space-times used
in standard inflation is no longer applicable [1]. We need quantum gravity. Now, there is a
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2long-standing expectation that quantum gravity effects will resolve the big bang singularity
of GR. This would require very large quantum corrections to the underlying geometry, re-
sulting in a paradigm shift at the Planck scale. One is therefore led to ask: Will inflation
arise naturally in this deeper theory? Or, more modestly, can one at least obtain a consis-
tent quantum gravity extension of the inflationary scenario? Can one meaningfully specify
initial conditions in the Planck regime? In a viable quantum gravity theory, this should
be possible because there would be no singularity and the Planck scale physics would be
well-controlled. Would the resulting systematic evolution from the Planck epoch again lead
to the correlation functions and the spectral index that are compatible with observations?
If not, that quantum gravity approach would be ruled out at least in the cosmological sec-
tor. If these CMB features are consistent with observations, are there new predictions for
future missions which keep memory of the pre-inflationary dynamics? If so, one would be
able to directly confront that quantum gravity theory with observations. Thus, attempts to
overcome conceptual incompleteness of the inflationary scenario can provide novel ways to
test and guide candidate quantum gravity theories.
Thanks to systematic investigations over the past decade, loop quantum cosmology (LQC)
is now sufficiently developed to address these issues. As is common in physics, a more
fundamental analysis introduces a new scale at which novel phenomena can occur. In LQC,
as we discuss in section 2, because of the underlying quantum geometry, the big bang
singularity is resolved and replaced by a quantum bounce. The curvature at the bounce is
universal and introduces a new length scale `LQC. The key new phenomenon is the following:
Pre-inflationary LQC dynamics modifies the standard inflationary predictions in a universal
way for modes whose wavelength at the bounce is larger than `LQC. Detailed analysis shows
that these correspond either to the longest wavelength modes observable today and/or modes
whose wavelength is larger than the radius of the observable universe but which can couple
to the observable modes [2]. Therefore the pre-inflationary dynamics of LQC can have
interesting ramifications for the ∼ 3σ anomalies in the Planck data associated with the
largest angular scales.
At first reading, this assertion may seem counter-intuitive on two accounts. First, one
generally expects quantum gravity effects to modify only the short-distance behavior. How
could they have any implications to predictions for the longest wavelength modes? Second,
it is often claimed that while quantum gravity effects may be conceptually interesting, they
will not be relevant for cosmological observations because they will all be diluted away during
inflation. We will now discuss why these expectations are not borne out.
The belief that the pre-inflationary dynamics does not matter stems from the following
argument (see the left panel of FIG. 1). If one evolves the modes that are seen in the CMB
back in time using GR, their physical wavelengths λphy continue to remain smaller than the
curvature radius Rcurv all the way to the big bang. The equations governing the evolution
of these modes then imply that they propagate as though they were in flat space-time and
cannot get excited in the pre-inflationary stage. Therefore, the argument goes, they will be
in the Bunch-Davies (BD) vacuum at the onset of inflation.
But in the pre-inflationary calculations, dynamical equations of GR cannot be trusted in
the Planck regime; we must use instead a candidate quantum gravity theory. In LQC, if a
mode has λphy > `LQC at the bounce, it does experience curvature during pre-inflationary
dynamics and can get excited (see the right panel of FIG. 1). For suitable choices of initial
conditions at the bounce, these modes correspond to the largest angular scales seen in the
CMB, roughly to ` . 30 in the spherical harmonics decomposition of correlation functions.
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FIG. 1: Time evolution of the curvature radius shown with (red) solid line with dashes and of two wave-
lengths of interest to observations, shown with (blue and green) dashed lines from [4]. Left Panel: General
relativity. The modes of interest have wave lengths less than the curvature radius (
√
6/R, with R is the
scalar curvature) all the way from the big bang (t = 0) until after the onset of slow roll (t ∼ 106tPl), shown
in the inset. Right panel: LQC. The bounce occurs at time t = 0 and we have set the scale factor a|t=0 = 1.
The (blue) dotted line on extreme left shows the evolution of the mode whose wavelength λphy |t=0 at the
big bounce equals the curvature radius. This mode and modes with smaller wavelengths again remain within
the curvature radius until the onset of inflation. On the other hand, modes with physical wavelength greater
than the curvature radius at the bounce (for example (green) dashed line) can be excited due to curvature
while their wavelength is greater than the curvature radius and will not be in the BD vacuum at the onset
of inflation. (There are two points (at t ≈ 0.3 tPl and t ≈ 5 × 104 tPl) in the LQC evolution at which the
w = 1/3 in an effective equation of state, whence the scalar curvature vanishes and the radius of curvature
goes to infinity.)
Thus, the ultraviolet modifications of the background dynamics that cure the big bang singu-
larity can directly influence the infrared behavior of perturbations. These longest wavelength
modes, then, will not be in the BD vacuum at the onset of inflation [3, 4]. But why will
this fact alter the observable predictions of inflation? Will not these excitations just get
washed away during inflation? The answer is in the negative because of the accompanying
stimulated emission. Agullo, Navarro-Salas and Parker have shown that if one were to start
with a candidate non-BD vacuum at the onset of inflation, the stimulated particle creation
would result in certain departures from the standard predictions based on the BD vacuum
[5]. The pre-inflationary dynamics of LQC provides specific non-BD initial states at the
onset of inflation, thereby streamlining the possibilities and leading to an interplay between
the Planck scale physics and observations.
Although loop quantum gravity (LQG) is still far from being complete, given a physical
problem, one can carry out a truncation adapted to that problem, and then use the quantum
geometry underlying LQG to construct a quantum theory of that sector. This is a strat-
egy commonly used in other areas of physics. For cosmology of the early universe, in the
classical theory one uses the Friedmann, Lemaˆıtre, Robertson, Walker (FLRW) geometries,
supplemented by first order perturbations on these backgrounds. In LQC one constructs
the corresponding quantum theory, using LQG techniques. In section II, we describe the
resulting quantum FLRW geometries and in sections III and IV we discuss cosmological per-
4turbations and the ensuing interplay between theory and observations. Section V contains
a summary, a brief description of work in progress, and a few illustrative aspects of the
interplay that could not be covered in the main text. Unless otherwise stated, all quantities
are in natural Planck units.
The main ideas that refer to developments prior to 2014 are discussed in greater detail
in the review articles [6, 7].
II. THE QUANTUM FLRW GEOMETRY
This section is divided into two parts. In the first, we discuss the resolution of the big
bang singularity due to quantum geometry effects of LQG. In the second, we summarize
the detailed work showing that a phase of slow roll inflation, compatible with observations,
arises generically in LQC.
A. Singularity resolution
Every expanding FLRW solution of GR has a big bang singularity if matter satisfies the
standard energy conditions. However, once space-time curvature enters the Planck scale,
one expects Einstein’s equations to break down. It has been a cherished hope, since 1970s,
that quantum effects would step-in and resolve the singularity. Thus, singularities of general
relativity –especially the big bang– are the gates for physics beyond Einstein. Since gravity
is encoded in geometry in GR, it is natural to expect that a quantum theory of gravity will
require or lead to an appropriate quantum generalization of Riemannian geometry. LQG
has taken this premise seriously and systematically constructed a specific theory of quantum
geometry rigorously (for reviews, see, e.g., [8–10]). This theory brings out a fundamental
discreteness in the Planck scale geometry. In particular, one can naturally define self-adjoint
operators representing geometric observables –such as areas of physical surfaces and volumes
of physical regions [11, 12]. It has been shown that geometry is quantized in the direct sense
that eigenvalues of geometric operators are discrete [11–13]. In particular, there is a smallest
non-zero eigenvalue of the area operator, which represents the fundamental area gap, ∆, of
the theory. This microscopic parameter sets the scale for new phenomena.
Specifically, recall that the Friedmann equation serves as the Hamiltonian constraint
that generates the FLRW dynamics on phase space of classical GR. In LQC, the quantum
Friedmann equation turns out to be a difference equation, where the step-size is dictated by
∆ [14]. Recall that in the theory of superconductivity, the energy-gap ∆E –the energy needed
to break a cooper pair– serves as the microscopic parameter and determines the values of
macroscopic parameters such as the critical temperature at which superconductivity sets
in: Tcrit = (const) ∆E. The situation is analogous in LQC. Detailed calculations show that
the matter density ρ is bounded above, and the value of this macroscopic parameter ρsup is
determined by the microscopic parameter ∆: ρsup = (const)/∆
3 ≈ 0.41ρPl.1 Note that if we
1 The numerical factor 0.41 refers to the most commonly used value of the area gap computed using black
hole entropy considerations and could be slightly modified by more sophisticated considerations. In
comparison with observations, this would alter the value of the LQC parameter φB discussed below but
not affect any of the main conclusions.
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FIG. 2: An effective LQC trajectory in presence of an inflation with a quadratic potential (1/2)m2φ2.
Here V ∼ a3 is the volume of a fixed fiducial region. The long (blue) sloping line at the top depicts slow
roll inflation. As V decreases (from right to left), we go back in time and the inflaton φ first climbs up
the potential, then turns around and starts going descending. In classical general relativity, volume would
continue to decrease until it becomes zero, signaling the big bang singularity. In LQC, the trajectory bounces
and volume never reaches zero; the entire evolution is non-singular.
let the area-gap ∆ to go to zero –i.e., ignore the quantum nature of geometry underlying
LQG– ρsup diverges, quantum effects disappear, and we are led back to the big bang of
GR. This is analogous to the fact that, as the the energy gap ∆E goes to zero, the critical
temperature goes to zero and we no longer have the novel phenomenon of superconductivity.
In LQC, then, the big bang singularity is resolved in the following precise sense: physical
observables, such as energy density and curvature which diverge at the big bang in GR, have a
finite upper bound on the entire Hilbert space of states Ψo of the FLRW quantum geometry
of LQC. (This resolution has also been understood in detail in the ‘consistent histories’
framework [15].) In every physical state, the expectation value of matter density achieves
a maximum value ρmax < ρsup, at which the universe bounces, avoiding the formation of a
singularity. States Ψo for which ρmax ≈ ρsup are sharply peaked on trajectories satisfying
certain effective, quantum corrected equations. In particular, in place of the Friedmann
equation (a˙/a)2 = 8piGρ of GR, they satisfy [14](
a˙/a
)2
= 8piGρ
(
1− ρ/ρsup
)
. (2.1)
At the bounce the right side vanishes and a˙ changes sign. These effective trajectories
are extremely well-approximated by the classical FLRW solutions for energy densities
ρ . 10−3ρsup. However, in the Planck regime, there are significant departures. In effect,
quantum geometry introduces a novel repulsive force which is completely negligible once
the curvature is below ∼ 10−3 in Planck units but which rises very rapidly above this scale
and becomes so strong as to overwhelm the classical attraction and cause the universe to
bounce. In the spatially flat, k=0 FLRW models, as one goes back in time from the bounce,
the universe expands again and dynamics quickly becomes well approximated by Einstein’s
6equations. FIG. 2 shows a bouncing effective trajectory for the the k=0 FLRW universe
sourced by an inflaton φ in a quadratic potential.
By now, a large number of cosmological models have been studied in detail in LQC, in-
cluding the closed and open FLRW models, models with a cosmological constant, the Bianchi
models and the Gowdy models which incorporate the simplest types of inhomogeneities in
full GR. Detailed investigations were carried out using Hamiltonian methods and canonical
quantization, complemented by a sum over histories analysis a` la Feynman for FLRW and
Bianchi I models [16]. In all cases, the singularity is resolved. (This is notable already for
Bianchi models where, because the anisotropic shear terms grow as 1/a6 near the big bang
in GR, singularity resolution has been difficult in other approaches.) A general pattern that
has emerged can be summarized as follows. GR is an excellent approximation to LQC at
low curvature. But when curvature grows to ∼ 10−3 in Planck units, a novel repulsive force
originating in quantum geometry kicks in. It has a ‘diluting effect’ that counteracts the
continued growth of curvature that would have occurred in GR. That repulsive forces with
origin in quantum mechanics can have macroscopic, even astronomical, implications is al-
ready known: for example, it is the Fermi degeneracy pressure that balances the tremendous
gravitational pull in neutron stars, enabling them to exist. But in LQC, the origin of the
repulsive force lies not in the fermionic nature of matter, but rather in specific properties of
the LQG quantum geometry. (For a review of singularity resolution in LQC, see, [6].)
To summarize, while there is no general ‘singularity resolution theorem’ as yet, LQC
results (together with the Belinskii, Khalatnikov, Liftschitz conjecture in classical GR) sug-
gest that quantum geometry has an in-built mechanism for resolution of strong curvature,
cosmological singularities of GR [17].
B. Occurrence of a slow roll phase of inflation
For concreteness, let us consider a single inflation φ with V (φ) = (1/2)m2φ2. In the
standard inflationary scenario we are led to set m = 1.21 × 10−6 (in Planck units) by
comparing the theoretical power spectrum with observations. This fixes the matter content
of the FLRW model. As mentioned in section II A, there exist wave functions Ψo satisfying
LQC dynamical equations which remain sharply peaked at effective trajectories. In these
states the bounce occurs at a density ρ ≈ ρsup. While the effective trajectories do not have
information about quantum fluctuations in these states Ψo, for many questions it suffices to
focus just on the effective equations because the states remain so sharply peaked. This is in
particular the case for the question of whether a slow roll phase compatible with inflation
occurs ‘generically’ in LQC.
This question is fraught with ambiguities because the notion of genericity requires a
normalized measure on the space of dynamical trajectories and the natural candidate –the
Liouville measure– assigns an infinite volume to this space [18]. However, physically, this
infinity is rather spurious because it is associated with the gauge freedom a → λ a, with
λ ∈ R+, in the definition of the scale factor. It is tempting to factor out the gauge orbits
and work on the resulting ‘reduced’, physical space. But the problem is that the Liouville
measure is not invariant under this rescaling and therefore does not descend to the orbit
space. An alternative is to fix this gauge, effectively declaring that a(to) = 1 at some specific
time to. Then, it is meaningful to ask the question: What is the fraction of the initial data
at t = to which, when evolved will encounter the desired slow roll some time in the future?
However, as one would expect, the answer depends critically on the choice of to. If one
7chooses it sufficiently early, one finds that the fraction is close to 100% [19] while if one
chooses it sufficiently late, the fraction is suppressed by a huge factor [20]. And in GR,
there is no preferred choice of to. One might think of choosing the Planck time (as in [19])
but this is difficult to justify because the Einstein dynamics on which this analysis is based
cannot be extrapolated to the Planck regime. (For a detailed discussion of the formulation
of the question, the Liouville measure, and the resulting ambiguities in GR, see [21]. That
analysis, and the number quoted in this section, are based on WMAP7 data.)
In LQC, on the other hand, the situation is conceptually different, first because now the
bounce provides the required preferred instance, and second because the effective equations
are valid also in the Planck regime. Investigations have been carried out along two different
lines by replacing the FLRW solutions with the solutions to the effective equations of LQC.
In the first, [21, 22], one uses the bounce time tB for to. Because in LQC the total matter
density ρ is bounded above, ρ ≤ ρsup, and the numerical value of ρsup is approximately
0.41ρPl, it follows that the value φB of φ at the bounce is bounded: |φB| ≤ 7.47 × 105. It
turns out that if φB > 0.93, the effective trajectory with that initial data at the bounce
point will necessarily enter the slow roll phase compatible with observations. In this sense,
the fraction of the initial data at tB that does not enter the desired slow roll phase in the
future is less than 1.2× 10−6. The second analysis re-enforces the genericity of the desired
slow roll within LQC by studying the evolution starting before the bounce [23]. In that
case, based on the symmetries of the system, the phase angle of pre-bounce oscillations was
taken as a natural parameter for which one can assume a probability distribution. This
distribution was demonstrated to be preserved over time. The result is that a sufficiently
long inflation is extremely probable. In addition, the number of e-folds of inflation (and,
equivalently, the fraction of potential energy at the bounce) can also be accurately predicted
and is compatible with data.
III. COSMOLOGICAL PERTURBATIONS: QUANTUM FIELDS ON
QUANTUM FLRW GEOMETRIES
This section is divided into three parts. In the first, we explain the main strategy, in the
second we discuss the issue of initial conditions and in the third we summarize results on
the interplay between theory and observations.
A. The Strategy
In standard inflation, cosmological perturbations are represented by quantum fields on a
FLRW space-time which satisfies Einstein’s equations, with the inflaton serving as the matter
source. In LQC, we no longer have a fixed FLRW metric in the background, but only a
probability amplitude for the occurrence of solutions to the effective equations, encoded in
the wave function Ψo(a, φ) [14, 16]. An immediate consequence is that we no longer have
a sharply defined proper or conformal time. This apparent obstacle in specifying dynamics
can be overcome by using the inflaton φ as an ‘internal’ time variable with respect to which
8the scale factor evolves.2 With this choice, the main strategy can be stated as follows:
Regard the quantum fields representing cosmological perturbations —Qˆ, the Mukahnov-
Sasaki scalar mode, and TˆI , I = 1, 2, the two tensor modes— as evolving w.r.t. φ on the
quantum FLRW geometry, encoded in Ψo(a, φ). Because this background geometry already
incorporates quantum gravity effects, this strategy provides a systematic and natural avenue
to face the so called ‘trans-Planckian issues’ squarely.
The obvious question then is whether one can construct the required QFT on quantum
FLRW geometries. Since QFT in curved space-times is already quite intricate, at first this
extension appears to be completely intractable. However, an unforeseen simplification arises
[24]. Let us suppose that the quantum state ψ(Q, T ; φ) of perturbations is such that the
back reaction of the quantum fields Qˆ, TˆI on the background quantum geometry Ψo(a, φ) is
negligible, i.e., that Qˆ, TˆI can be treated as test fields.3 Then, if we start out with an initial
state of the form Ψo⊗ψ at the bounce, the evolved state continues to have the same tensor-
product form, where Ψo evolves as though there was no perturbation but the evolution of
ψ depends on Ψo. Under this assumption, one can recast dynamics of ψ in a way that is
completely tractable using existing techniques from QFT in curved space-times [3, 4, 24].
For a precise statement of this result, let us begin with the tensor perturbations TI . In
the classical theory, these fields satisfy the wave equation TI = 0 on the background FLRW
geometry. In LQC, one can show that the dynamics of the state ψ(TI ; φ) on the quantum
FLRW geometry Ψo is completely equivalent to that of a state evolving on a certain effective
FLRW metric g˜ab which is ‘dressed’ by quantum corrections. Therefore, although g˜ab is
smooth, its coefficients depend on ~ and, more importantly, have to be constructed from the
quantum FLRW geometry Ψo(a, φ) in a specific fashion. Detailed calculations [24] reveal
that g˜ab is given by:
g˜abdx
adxb ≡ ds˜2 = a˜2(−dη˜2 + d~x2) . (3.1)
where
a˜4 =
〈Hˆ−
1
2
o aˆ4(φ) Hˆ
− 1
2
o 〉
〈Hˆ−1o 〉
; dη˜ = 〈Hˆ−1/2o 〉 (〈Hˆ−1/2o aˆ4(φ) Hˆ−1/2o 〉)1/2 dφ . (3.2)
Here, all quantities refer to the Hilbert space of the background FLRW quantum geometry:
the expectation values are taken in the state Ψo, Hˆo is the ‘free’ Hamiltonian in absence of the
inflaton potential, and aˆ(φ) is the (Heisenberg) scale factor operator [4, 24]. To summarize,
then, if the test field approximation holds, evolution of ψ(TI ; φ) on the quantum geometry
Ψo can be described using QFT of TˆI propagating on the quantum corrected FLRW metric
g˜ab.
Next, let us consider the scalar perturbation Qˆ. In QFT on classical FLRW space-times,
it satisfies (+A/a2)Qˆ = 0 where A is a potential constructed from the background FLRW
2 Technically, one deparametrizes the Hamiltonian constraint of LQC. It suffices to carry out this de-
parametrization only ‘locally’ in the regime in which inflaton is single-valued.
3 The test field approximation is also made in standard inflation. There, as well as in LQC, one justifies
it by checking that it does hold in the final solution. Note that one uses Q, rather than the curvature
perturbation R, because R is ill-defiend if φ˙ vanishes and this does occur in the pre-inflationary phase.
To obtain the scalar power spectrum, in LQC one calculates R from the Mukhanov-Sasaki variable Q at
the end of inflation.
9solution. In the LQC dynamics, this A is also dressed, and is replaced by [4]
A˜(φ) =
〈Hˆ−
1
2
o aˆ2(φ) Aˆ(φ)aˆ2(φ) Hˆ
− 1
2
o 〉
〈Hˆ−
1
2
o aˆ4(φ) Hˆ
− 1
2
o 〉
. (3.3)
Thus, the evolution equation of the scalar mode Qˆ is now given by (˜ + A˜) Qˆ = 0. Note
that the scalar modes ‘experience’ the same effective metric g˜ab as the tensor modes. It
is evident from (3.2) and (3.3) that the expressions of the dressed effective metric and
the dressed effective potential could not have been guessed a priori. They resulted from
explicit, detailed calculations [4, 24]. They ‘know’ not only the effective trajectory on which
Ψo is peaked but also certain fluctuations in Ψo. Finally note that, under the test field
approximation, the equivalence is exact ; it does not involve any additional assumptions,
e.g., on the wavelengths of the modes. This is rather striking.
Remark : The following analogy is helpful in making the main result intuitively plausible.
Consider light propagating in a material medium. Photons have a complicated interaction
with the molecules of the medium. But so long as they do not significantly affect the
material itself —i.e., so long as the test field approximation holds for photons— their
propagation is well-described by just a few parameters such as the refractive index and
birefringence which can be computed from the microscopic structure of the material.
In our case, the quantum geometry encoded in Ψo acts as the medium and quantum
perturbations Qˆ, TˆI are the analogs of photon field. So long as the test field approximation
holds, the propagation is not sensitive to all the details of the state Ψo. It can be de-
scribed using just three quantities, a˜, η˜ and A˜ that are extracted from Ψo via (3.2) and (3.3).
This result provides a natural strategy to analyze the pre-inflationary dynamics in LQC
by proceeding in the following steps. (1) Select a state Ψo that is sharply peaked on an
effective trajectory, which in turn is determined by the value φB of the inflaton at the
bounce. φB turns out to be the new parameter that determines the physical wavelengths at
the CMB epoch for which LQC effects are important. (2) Calculate the dressed, effective
metric g˜ab and potential A˜ starting from Ψo. (3) Select initial conditions for the quantum
state ψ of perturbations at the bounce. (4) Evolve this state using QFT on the dressed
FLRW metric g˜ab and calculate the power spectrum and other correlation functions at the
end of inflation. (5) Check if the test field approximation holds throughout the ‘quantum
geometry regime’. If not, one has to discard the solution. But if the approximation does
hold, then Ψo⊗ψ would be a self-consistent solution, representing an extension of standard
inflation over the 11 orders of change in curvature that separate the onset of inflation from
the Planck scale. (6) Finally, check the physical viability of the solution and compare the
predictions of power spectra and correlation functions with observations. The discussion of
the next two sub-sections will show that, by now, LQC has matured sufficiently to complete
all these steps.
B. Initial conditions
Conceptually, the most non-trivial open issue is that of selecting initial conditions for the
quantum state ψ of cosmological perturbations. In standard inflation, these are specified at
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the onset of the slow roll. Now, during the slow roll, the background FLRW geometry can be
approximated by the de Sitter metric and there is a unique regular state —the BD vacuum—
that is invariant under the full de Sitter group. Therefore, the initial state is assumed to
be the BD vacuum.4 By contrast, during pre-inflationary dynamics, the Hubble parameter
can change rapidly. To illustrate this difference, let us consider a concrete example with
φB = 1.19 (used in the numerical simulations discussed below). The bounce is followed by a
short superinflationary phase during which the Hubble parameter increases from zero to its
maximum in LQC, Hsup = 0.92, in just 0.18 Planck seconds. It then takes approximately
106 Plank seconds till the onset of slow roll inflation at which time the Hubble parameter
has decreased to Honset = 7.8 × 10−6. Thus, while the duration between the bounce and
the onset of inflation is about the same as that of the slow roll itself, the dressed effective
metric g˜ab does not at all resemble the de Sitter metric in this pre-inflationary phase (for
details, see [21]). Therefore there is no reason to assume that the perturbations are in the
BD vacuum during this phase. However, compatibility with observations requires that the
state resulting from pre-inflationary evolution should be sufficiently close to the BD vacuum
at the onset of inflation. A priori this is a heavy burden on pre-inflationary dynamics. But
this requirement can be naturally met in LQC.
While the quantum geometry Ψo does not have full de Sitter symmetry, it is invariant
under the six-dimensional Euclidean group GE of space translations and rotations. There-
fore, it is natural to require that the state ψ of perturbations is also invariant under the
GE symmetry. Next, to check that the test field approximation holds, we need to calculate
the stress-energy tensor in the state ψ. Fortunately, because of the main result described in
section III A, we can lift the machinery of regularization and renormalization of this opera-
tor from QFT in curved space-times to QFT on the quantum FLRW geometry encoded in
Ψo. The result is that we need to require ψ to be regular to 4th adiabatic order w.r.t the
dressed, effective metric g˜ab (since the stress-energy tensor is an operator of dimension 4).
If these two conditions are imposed initially, they are guaranteed to hold throughout the
evolution. The last condition on ψ is motivated by the test field approximation. We only
assume that it holds initially ; whether it continues to hold in the subsequent evolution has
to be checked explicitly. Thus, the choice of the state ψ(Q, T ; φ) is subject to three general
constraints: i) symmetry; ii) regularity; and iii) validity of the test field approximation at
the initial instant of time. However, because the GE symmetry is so much weaker than de
Sitter, these conditions do not suffice to select a unique state; a large freedom still prevails.
At what time should the initial state be specified? One possibility is to choose the bounce-
time and another is to choose an instant in the distant past in the pre-bounce phase. Both
ideas have been pursued. For concreteness, in this section we will summarize the results
that arise from the first choice which is motivated by the following considerations. As Roger
Penrose, in particular, has emphasized, to account for the observed homogeneity in the CMB,
one has to assume an extraordinary degree of homogeneity in the very early universe [25].
Note that, by itself, the near exponential expansion through 55-70 e-foldings of inflation does
not solve this problem: One can still be left with a large inhomogeneity in the CMB, if one
started with correspondingly larger inhomogeneities at the onset of inflation. In LQC, the
4 Since the Hubble parameter is not strictly a constant but slowly decreases during inflation, the actual
FLRW geometry does not really have de Sitter symmetries. Therefore, conceptually, there is an ambiguity
in this choice which however is not important for phenomenology. Similarly, there is an infrared difficulty
that can be ignored in practice.
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observable universe expands from a ball of radius less than 10`Pl at the bounce. Therefore,
to arrive at the one part in 105 homogeneity observed in the CMB, one needs this ball to be
extraordinarily homogeneous. On the other hand, in the pre-bang, collapsing branch, one
would expect the geometry to become increasingly wrinkly and complicated. However, as
explained in section II A, in LQG a repulsive force arises due to quantum geometry which
is very effective in diluting such wrinkles in the Planck regime. This ‘smoothening effect’
appears to occur on the ∼ 8`Pl scale. Therefore, it can provide a natural mechanism to
iron out inhomogeneities, erasing the memory of the pre-bounce phase on balls of radius less
than 10`Pl. This scenario provides a natural justification to specify the initial state at the
bounce. More precisely, if we restrict ourselves to these balls at the bounce time, dynamical
considerations from LQG may naturally lead to an initial state of the form Ψo⊗ψ where Ψo
represents a quantum FLRW geometry and ψ a small perturbation thereon. In this section,
we will discuss investigations based on this choice. However, we should emphasize that so
far this reasoning has remained qualitative and serves only as a motivation —rather than a
watertight argument— to specify the initial state at the bounce.
To summarize, the strategy is to choose the state ψ of perturbations at the bounce
time satisfying the three conditions specified above. So far the focus been on the issue of
existence of viable initial states rather than uniqueness. That is, the question has been: Can
we choose ψ |φ=φB such that: i) the test field approximation holds throughout the period
in which quantum geometry effects are important; and, ii) the temperature-temperature
correlations CTT` agree with observations within error bars? Detailed investigations have
shown that such states do exist [4, 26, 27]. The current work focuses on the following issues.
Are there interesting observable consequences for future mission? Are there differences from
predictions of standard inflation? If so, a possibilities of testing the Planck scale physics
of pre-inflationary dynamics would open up. Finally, are there new physical principles that
would narrow down the choice of the initial state only to those that are observationally
viable? That is, can observations inform quantum gravity?
C. Results
One avenue to address these questions is to adopt the following viewpoint. The Planck
data shows a significant power suppression for ` . 30 and the origin of this ∼ 3σ effect is yet
to be satisfactorily understood. It may be due to cosmic variance, or a feature of the late
time evolution of the universe —e.g., the integrated Sachs-Wolf effect [28, 29]— or may have
primordial origin. From a quantum gravity perspective, it is natural to assume optimistically
that the origin is primordial and explore consequences. In LQC, then, a concrete strategy is
to seek initial conditions for ψ at the bounce satisfying the three viability criteria listed in
section III B, and for which there is power suppression at low ` compatible with the ∼ 3σ
Planck findings. Such initial conditions do exist.
Let us begin by examining the regime in which deviations from the standard BD predic-
tions can arise. As explained in section I, pre-inflationary dynamics can lead to deviations for
the longest wavelength modes since they experience curvature during their pre-inflationary
evolution, get excited, and are therefore not in the BD state at the onset of inflation. The key
question is whether these modes can be seen in the CMB, i.e., if their wavelength is less than
the radius of the observable universe. The answer depends on the number N of e-foldings
between the bounce and the onset of inflation. Detailed analysis shows that, if N & 15, then
even the longest wavelength modes observed today would be inside the curvature radius
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FIG. 3: Left Panel : Power spectra from LQC and Standard inflation based on the BD vacuum. The
(red) crosses are the LQC ‘data’ points, and the solid (blue) line the best fit LQC curve, while the dashed
(black) line shows the power spectrum in standard inflation. k? is the pivot mode used by WMAP with
k?/a0 = 0.002Mpc
−1. Right Panel: LQC predictions for the T-T correlation function are shown using
a solid (blue) line and those of standard inflation, using a (red) dotted line. Both predictions are within
the Planck observational errors but the power-suppressed LQC curve provides a better fit to the data. The
horizontal axis is enlarged for the ` . 30 modes because all three curve agree for ` > 30. Figures from [26].
from the bounce to the onset of inflation. Then (in the simplest scenario) pre-inflationary
dynamics would not lead to any observable departures from standard inflation based on the
BD vacuum. On the other hand, if the N ≤ 15, some observable modes will cross the cur-
vature radius during the pre-inflationary phase, and not be in the BD vacuum at the onset
of inflation. The number N is determined by the pre-inflationary history of the background
FLRW geometry, which in turn is governed by the value φB of the inflaton at the bounce.
Detailed calculations show that N < 15 if φB < 1.2 [4]. On the other hand, as we saw in
section II B, to obtain a sufficiently long slow roll, we need φB > 0.93. Consequently, while
we can choose initial conditions for ψ so that there is agreement with the Planck data within
error bars, for all φB > 0.93, in the simplest LQC scenario there is only a small window,
0.93 ≤ φB ≤ 1.2, in which predictions can differ from standard inflation, based on the BD
vacuum. Furthermore, these deviations occur only for the longest wavelength modes with
` . 30.
The question then is whether one can arrive at the ‘anomalies’ associated with the largest
angular scales by restricting ourselves to this window. This is a primary focus of the current
investigations in LQC. Because space is limited, we cannot describe all the ideas that are
being pursued. Here we will discuss just one choice of the initial conditions ψ |φ=φB to
illustrate how the interplay between LQC and observations is shaping up, and summarize
another idea in section V.
The results [26] are shown in FIGs. 3 and 4. In this solution for Ψo⊗ψ, the background
quantum geometry state Ψo is sharply peaked around the effective trajectory determined by
φB = 1.19, and ψ |φ=φB is such that there is power suppression for the longest wavelengths
(i.e., for the lowest co-moving k’s). The left panel of FIG. 3 compares the theoretical power
spectra for the curvature perturbation R in LQC and in standard inflation. Here k? is the
WMAP pivot mode, k?/ao = 2 × 10−3Mpc−1. The longest wavelength mode observable
today corresponds to k = ko with ko ≈ 0.12 k?. The solid (blue) curve is the best fit through
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FIG. 4: Predictions of LQC are depicted by solid (black) lines and those of standard inflation based on
the BD vacuum by dotted (blue) lines for the T-T and the E-E correlations. In both cases there is power
suppression for ` . 30 in LQC. Figures from [26].
the LQC ‘data points’ shown with (red) crosses while the dotted (black) curve shows the
prediction from standard inflation. It is clear that the two predictions agree for k & k? but
in LQC there is power suppression for observable modes k in the range ko . k . k?. The
right panel translates this result to the temperature-temperature correlations CTT` for direct
comparison with observations. It shows that in LQC there is power suppression relative to
standard inflationary prediction for ` . 30, although both sets of predictions are within the
Planck error bars.
Thus, there are choices of initial conditions for ψ satisfying the three constraints specified
in III B and, in addition, are such that: i) for ` > 30, (where the observational error bars
are tiny) the resulting power spectrum agrees with that predicted by standard inflation and
also with observations; and, ii) there is desired power suppression for ` < 30. The fact
that all these conditions are met simultaneously by the LQC pre-inflationary dynamics is
non-trivial. But can one do even better? Can this choice of initial conditions be tested
through future observations? The answer is in the affirmative. One finds that there is also
suppression at low ` for the T-E (temperature-electric polarization) and E-E correlations
[26]. These are shown in FIG. 4. An interesting aspect of this result is that it serves to
distinguish the LQC primordial mechanism from the one tied to the late-time evolution of
the universe through the integrated Sachs-Wolf effect [29] because, in that case, there would
not be power suppression in the E-E correlation functions. Thus, if future observations
show that the (T-E and) E-E correlation functions are suppressed relative to the standard
inflationary prediction for ` < 30, one would have a clear signal in favor of the primordial
origin of these ‘anomalies’. From LQC standpoint, this would be the observable imprint of
the Planck scale, pre-inflationary dynamics.
To summarize, if the LQC parameter φB is in a narrow window (0.93 ≤ φB ≤ 1.2), there
exist admissible initial conditions for the state ψ of perturbations such that one can account
for the Planck data, including the power suppression at ` . 30. Furthermore, there are
predictions for future missions that distinguish this quantum-gravity based mechanism from
non-primordial mechanisms for power suppression. This example illustrates the extent to
which LQC has matured in recent years.
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IV. COSMOLOGICAL PERTURBATIONS: ANOMALY-FREE HAMILTONIAN
DYNAMICS
We will now discuss the “deformed algebra” approach that focuses on consistency of the
effective theory rather than the quantum geometry that underlies LQG.
Recall that the constraints of general relativity form a first class system a` la Dirac
and this property is key to the consistency of the classical dynamics. It is not a priori
clear whether this delicate consistency can persist in the effective theory that incorporates
leading order quantum corrections, in particular in cosmological perturbation equations.
Furthermore, in background-independent frameworks, it is not clear whether one can
rely on the standard covariance arguments [30], because the very notion of space-time
is supposed to emerge in some way from solutions to the fundamental equations. The
consistency of the quantum corrected equations must be ensured before they can be
solved. The “deformed algebra” approach puts a specific emphasis on issues of gauge. In
other areas of physics, gauge fixing before quantization was shown to be harmless but
the case of gravity is much more subtle than, say, Yang-Mills theories because dynamics
is part of the gauge. This issue is here taken seriously by trying to build the algebra so
that the constraints can be quantized without classical specifications of gauge or observables.
In the “deformed algebra” approach to LQC, one considers two kind of LQG-inspired
corrections to the constraints. One is the so-called holonomy correction (coming from the
fact that loop quantization is based on holonomies, i.e. exponentials of the connection,
rather than connections themselves), and the other is the inverse-triad correction (coming
from terms in the Hamiltonian constraint which cannot be quantized directly but only after
being re-expressed as a Poisson bracket). In the following, only holonomy corrections will
be considered as their interpretation is easier. The net effect of these corrections is now
encoded in the replacement
k¯ → K[n] := sin(nµ¯γk¯)
nµ¯γ
, (4.1)
where n is some unknown integer, k¯ is the mean gravitational connection, and µ¯ is the
coordinate size of a loop. The quantum-corrected constraints resulting from this substitution
are denoted by CQI . If the replacement (4.1) is performed naively, the algebra reads
{CQI , CQJ } = fKIJ(Ajb, Eai )CQK +AIJ , (4.2)
where AIJ stand for anomaly terms and fKIJ are structure functions. The consistency
condition (i.e., closure of the algebra) requires AIJ = 0. In turn, very nicely, this condition
imposes restrictions on the form of the quantum corrections. Since the result is the
modification of the constraint algebra of general relativity, as one would expect from the
Hojman-Kuchar-Teitelboim theorem [30], the quantum space-time structure can no longer
be described in terms of a pseudo-Riemaniann space-time metric [31]. But it does have a
well-defined canonical formulation using hypersurface deformations.
The procedure can be described as follows. The quantum corrected constraints are ex-
plicitly written for the perturbations up to the desired order. Then the Poisson brackets are
calculated. Anomalies are evaluated. Suitable counter-terms, which are required to vanish
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at the classical limit, are added to the expressions of constraints to ensure the anomaly
freedom. The resulting theory is not only consistent but is also – somehow surprisingly –
quite uniquely defined when matter is included. In addition, although the calculations are
quite long and involve intricate expressions, the resulting final algebra is very simple and
depends on a unique and elegant structure function which encodes all the modifications :
Ω = 1− 2ρ/ρc. (4.3)
Importantly, the unknown integers ni (that can, in principle, be different from unity as
long as one considers other terms than the simple k¯2 term arising from the curvature of the
connection) entering the correction functions K[ni] can all be determined unambiguously.
The solution closes the algebra non-pertubatively. This strategy has been successfully fol-
lowed for vector [33] and scalar [34] perturbations. It has been shown that a single algebra
structure can be consistently written for all perturbations [35]. It basically reads as:
{D[Ma], D[Na]} = D[M b∂bNa −N b∂bMa], (4.4){
D[Ma], SQ[N ]
}
= SQ[Ma∂bN −N∂aMa], (4.5){
SQ[M ], SQ[N ]
}
= ΩD
[
qab(M∂bN −N∂bM)
]
, (4.6)
where D and S are the diffeomorphism and hamiltonian constraints, N and M are lapse
functions, Na and Ma are shift functions, Ω is the “deformation factor” (equal to one in
the classical theory with Lorentzian signature), and the superscript Q indicates that the
constraint is quantum corrected at the effective level.
This algebra is elegant, simple, and presents some interesting features: in particular
it leads to an effective signature change, somehow reminiscent of the Hartle-Hawking
proposal, close to the bounce. When ρ < ρc/2 the spacetime structure is Lorentzian
but when ρ > ρc/2, that is in the vicinity of the bounce, Ω becomes negative and
the spacetime structure becomes Euclidean. Strikingly, this effect has also been found
independently following different paths in LQC [36, 37]. In particular, the first of these
references relies on very different hypotheses (using a model of patches of universe evolving
independently in the longitudinal gauge). The fact that it leads to the same result
strongly reinforces the conclusion. At this stage, perturbations in this framework have been
analyzed according to two different philosophical viewpoints that we shall now briefly review.
It is important to notice that, in any case, the equation of motion is now more complicated
than in the “dressed metric” approach described in section III. For the simplest example of
tensor modes, it reads
v′′k(η) +
(
Ωk2 − z
′′
T
zT
)
vk(η) = 0 (4.7)
in conformal time, where the mode functions zT ≡ (a/
√
Ω) are related to the amplitude of
the tensor modes of the metric perturbation hk, via vk = zThk/
√
32piG. The key point to
notice here is that the dynamics of the modes is not anymore driven only by the hierarchy
between k2 and a′′/a (i.e., by the ratio between the length scale associated with the mode
and the curvature radius): it is more complicated and quite a lot of new phenomena can
appear, opening a wide phenomenology.
The first viewpoint is to use the “silent surface”corresponding to Ω = 0 (or, ρ = ρc/2) as the
natural place for imposing initial conditions. This is a tantalizing hypothesis as space points
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FIG. 5: Primordial power spectra for tensor modes in the deformed algebra approach for different values
of the mass of the scalar field: m = 10−3MPl (triangles), m = 10−2.5MPl (open disks), and m = 10−2MPl
(black disks). The behavior remains qualitatively similar for smaller (favored) values of the mass (from [41]).
are here decoupled (as anticipated by the BKL conjecture which is here nicely demonstrated
in this specific quantum gravity setting) and fluctuations are naturally described by a white
noise spectrum. The resulting cosmological power spectrum was derived in [38] and specific
issues were studied in [39].
The second viewpoint is to propagate the perturbations through the phase Ω < 0 (when
the hyperbolic equation becomes elliptic), setting initial conditions in the contracting
branch of the universe. This is technically possible. The vacuum is well defined: far enough
in the past, all modes are within the horizon and it makes sense to set initial conditions
“earlier” in time and as far as possible from the highly quantum region. The resulting
power spectrum was derived in [40, 41]. It exhibits an infrared behavior in agreement with
GR, an exponentially diverging UV limit5 and oscillations in-between. Those oscillations
can easily be interpreted as coming from a potential well in the Shro¨dinger-like equation
describing the evolution of perturbations. Figure 5 shows the kind of primordial spectra
expected in this framework.
The important point for detection is the number of e-folds that take place between the
bounce and the contemporary universe. For most solutions, the number is very high and
the relevant modes are trans-planckian at the bounce (this is true both for the “dressed
metric” and for the “deformed algebra” approaches). However, for a restricted set of initial
conditions, the observational window does fall in the non-trivial part of the spectrum and has
5 This in itself need not be a problem. First, because the primordial power spectrum should not be trusted
up to arbitrary small scales: non-linear physics inevitably enters the game for very high values of k.
Second, because back-reaction should then be taken into account. This just gives the general trend of the
behavior.
17
interesting features that might be discovered by future experiments devoted to the polarized
CMB.
V. DISCUSSION
That quantum geometry effects of LQC can naturally lead to a resolution of the big-
bang singularity was first realized over a decade ago [42]. A large body of subsequent
work, summarized in [6], has significantly sharpened the key ideas and made them robust.
The community also has detailed results on the generic emergence of a slow roll inflationary
phase for the (1/2)m2φ2 and the Starobinsky potentials. Other potentials and multi-inflaton
models have also been considered and the qualitative results are the same. Thus, on the
whole, there is broad consensus in the LQC community on the results reported in section II.
Investigations of cosmological perturbations within LQC are more recent. In all ap-
proaches, one focuses on the ‘cosmological sector’ of classical general relativity, consisting
of the FLRW solutions with inflation as matter source, together with the first order per-
turbations. This subject has been pursued along related but technically different directions
(see, e.g., [3, 4, 35, 41, 43]). These investigations provide a healthy diversity. In this brief
overview, we could only include illustrative examples from this growing body of results.
In section III we discussed the most developed of these approaches. Here, perturbations
are treated as quantum fields propagating on background, FLRW quantum geometries dis-
cussed in section II. Self-consistency of solutions is checked through detailed calculations
of the back reaction, and a large number of observational consequences have been system-
atically worked out. In the second approach, summarized in section IV, the viewpoint is
rather different: The goal is to capture the leading order quantum corrections that would
arise in any consistent Hamiltonian quantization of the cosmological sector that is based
on connection variables. The idea is to encode these corrections in modifications of the GR
constraint equations that are subject to the condition that the Poisson algebra of the mod-
ified constraints also closes, i.e., is anomaly-free. Recently, phenomenological consequences
of the resulting modified equations of motion have been worked out. Interestingly, although
the two approaches are conceptually quite different, their predictions agree for a range of
intermediate wavelengths, but differ from standard inflation [41].
At present both approaches have certain limitations. In the first approach, the true
degrees of freedom for the first order perturbations are extracted at the classical level, prior
to quantization. While this is an internally consistent procedure, as a check of robustness, it
is of interest to first pass to the quantum theory and then extract the true degrees of freedom
by imposing the full set of quantum constraints for the background as well as perturbations.
This check has not been carried out. A second limitation, shared by all LQC approaches to
date, is that quantization is carried out through a scheme that is ‘hybrid’ in the following
sense. The quantum theory of the background FLRW sector is based on quantum geometry
techniques from LQG and they lie at the heart of singularity resolution. But then, in the
resulting quantum geometry, perturbations are quantized a` la Fock, rather than by using
LQG techniques. This strategy is motivated by the expectation that the Fock states of
perturbations should provide an excellent approximation of the loop quantized states because
the energy density in perturbations is small. But as of now there is no detailed analysis
justifying this expectation. For the second approach, one limitation is that the modified
GR constraint equations used at the start of the analysis are not systematically derived.
Rather, an ansatz is made at the start of the calculation so that the required calculations
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are tractable. Also, in presence of these modifications, the notion of space-time covariance
has to be revisited and the hope that there may be an underlying non-commutative geometry
is yet to be realized. Finally, recent calculations [41] have shown that this ‘anomaly-free’
method leads to an exponentially growing blue tilt at small angular scales (in contrast to
standard inflation, and the approach described in section III, both of which have a small
red shift). This blue tilt would lead to a large back reaction and the issue of finding a
self-consistent solution remains open in this approach.
We will conclude with a few examples of work in progress. So far, most of the detailed
investigations have been carried out with the quadratic potential for the inflaton. Other
potentials, particularly the one that features in the Starobinsky inflation, are now being
analyzed in detail [44]. Results to date already shows that the features reported in section
III are robust. Second, so far, the detailed analysis has used states Ψo for the background
geometry that are sharply peaked. Currently more general states in which the uncertainty
in the scale factor even higher than 100% are being used. Interestingly, more general states
do not introduce new parameters vis a vis observations: the power spectrum that results
from the widely spread background states is the same as the power spectrum from sharply
peaked states, just with a shift in value of the LQC phenomenological parameter φB. The
origin of this rather surprising effect is now understood in terms of the role played by the
microscopic parameter, the area gap ∆, in the theory. More vigorous effort is being made
to probe and control the freedom in the choice initial conditions for the quantum state
ψ of perturbations. In section III we considered one choice that directly leads to power
suppression. But there are other choices [4, 45] (also satisfying the three viability criteria
of section III B) for which the power spectrum is enhanced for wavelengths that are larger
than the radius of the observable universe. In presence of interactions, correlations between
observable modes and these unobservable super-horizon modes produces a modulation in the
power spectrum of observable modes. Furthermore, unlike in mechanisms proposed in [2], the
LQC amplitude modulation decays at smaller angular scales and is thus compatible with
observations. This opens an interesting possibility of obtaining significant non-Gaussian
correlations only between the longest wavelength modes we can observe and even longer
wavelength modes that we cannot. This mechanism could then be used to account for
the observed ∼ 3σ anomalies at large angular scale [27]. Furthermore these considerations
appear to reduce the tensor to scalar ratio r, thereby pushing the (1/2)m2φ2 potential to
the ‘allowed region’ of the Planck data. Thus, the issue of whether these anomalies can be
accounted for using Planck scale physics is being approached from several different directions
within LQC. Because the final observational predictions are tied with the choice of initial
conditions, these diverse investigations open up the interesting possibility of constraining
the initial conditions at the bounce through observations. More precisely, using guidance
from observations it may now be feasible to uncover a fundamental principle dictating initial
conditions that has eluded us so far. An attractive possibility in this direction is to seek an
appropriate quantum generalization of Penrose’s Weyl curvature hypothesis [4, 25]. Another
possibility is suggested by the “deformed algebra” approach along the lines of [38]. Such
rather diverse investigations are now actively in progress.
In the cosmology literature, it is often implicitly assumed that Planck scale physics would
inform the discussion of the early universe mainly by explaining the origin of the inflaton(s)
and providing us the potential(s) that dictate their dynamics. Investigations in LQC are
silent on these issues because these issues have their origin in particle physics. But LQC has
opened another, complementary, window. Quantum geometry underlying LQG introduces
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specific changes in the dynamics of GR in the ultraviolet that lead to the resolution of the big
bang singularity. Interestingly, the new quantum FLRW geometry modifies the dynamics of
the longest wavelength modes of perturbations, thereby providing avenues to account for the
∼ 3σ anomalies seen at the largest angular scale. The resulting two-way interplay between
theory and observations has the potential of enriching both.
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